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local anesthetics effectively suppress pain sensation, but most of these compounds act nonselectively, inhibiting activity of all neurons. moreover, their actions abate slowly, preventing precise spatial and temporal control of nociception. We developed a photoisomerizable molecule, quaternary ammonium-azobenzene-quaternary ammonium (QAQ), that enables rapid and selective optical control of nociception. QAQ is membrane-impermeant and has no effect on most cells, but it infiltrates pain-sensing neurons through endogenous ion channels that are activated by noxious stimuli, primarily trPV1. After QAQ accumulates intracellularly, it blocks voltagegated ion channels in the trans form but not the cis form. QAQ enables reversible optical silencing of mouse nociceptive neuron firing without exogenous gene expression and can serve as a light-sensitive analgesic in rats in vivo. Because intracellular QAQ accumulation is a consequence of nociceptive ion-channel activity, QAQ-mediated photosensitization is a platform for understanding signaling mechanisms in acute and chronic pain.
Optogenetic tools enable photoregulation of action potential firing in neurons both in vitro and in vivo 1 through the introduction of exogenous genes. In contrast, small-molecule photoswitches enable optical control of neuronal excitability without genetic manipulation 2, 3 . Photoswitch molecules confer light-sensitivity on the intrinsic excitability of neurons within minutes [4] [5] [6] . However, unlike optogenetic tools that can be promoter-targeted for expression in particular types of neurons, photoswitches act nonselectively on all neurons that are exposed to the molecule. Depending on the scientific or biomedical application, it could be a benefit or even a requirement to target photosensitivity to a particular type of neuron.
Here we used a non-genetic strategy to target a photoswitch molecule to pain-sensing (nociceptive) neurons. Nociceptive neurons have been particularly inaccessible to selective electrophysiological manipulation because both their peripheral sensory endings and central synaptic terminals are quite small, either embedded in the skin or interspersed with other neurons in the spinal cord. Nociceptors are unique in possessing a high density of ion channels that respond directly or indirectly to noxious stimuli 7 . For example, the capsaicin receptor TRPV1, which is sensitive to noxious heat, protons and mediators of inflammation, is expressed in nociceptive neurons, but it is very sparsely expressed elsewhere in the nervous system 8 . TRPV1 enters into a pore-dilated state upon prolonged agonist activation, allowing permeation of relatively large cations 9 . This property has been exploited to deliver into nociceptors a membrane-impermeant derivative of the local anesthetic lidocaine, QX-314 (ref. 10 ). The selective entry and silencing of nociceptors by QX-314 gives this molecule potential as a pain-selective local anesthetic 10 . However, once QX-314 enters cells, it cannot escape, and silencing persists for many hours 11 . The irreversibility of QX-314 precludes temporally precise regulation of nociceptor activity.
Here we describe QAQ, a photoisomerizable molecule that confers reversible light-sensitivity selectively onto neurons involved in pain signaling, enabling rapid optical control of nociception without genetic manipulation.
results

QAQ photosensitized voltage-gated ion channels
We developed QAQ, a photoswitch that reversibly suppresses neuronal excitability by optically regulating voltage-gated Na + , Ca 2+ and K + channels. QAQ has a central photoisomerizable azobenzene coupled on both sides to quaternary ammonium groups (Fig. 1a) . Upon illumination with 380-nm light, the elongated trans-QAQ converts to the bent cis form ( Supplementary  Fig. 1a) . Cis-QAQ spontaneously reverts to the trans form slowly in the dark (Supplementary Fig. 1b ), but this transition occurs quickly (within milliseconds) in 500-nm light.
QAQ resembles lidocaine and its derivative QX-314 (Fig. 1b,c) , local anesthetics that block voltage-gated Na + , K + and Ca 2+ channels from the cytoplasmic side 12, 13 . Lidocaine is a tertiary amine that crosses the membrane in an uncharged state and blocks ion channels after becoming protonated in the cytoplasm.
QX-314 contains a permanently charged quaternary ammonium, preventing it from crossing the membrane. However, QX-314 is a potent blocker of activity when introduced through a patch pipette into the cytoplasm 14 .
To test whether QAQ can act like a photoregulated ion-channel blocker, we made whole-cell recordings from NG108-15 cells, a mouse neuroblastoma and rat glioma hybrid cell line that expresses neuronal voltage-gated Na + (Na v ) channels 15 . When we delivered QAQ into the cytoplasm through the patch pipette, it blocked most of the Na + current in the trans configuration, but blockade was removed in 380-nm light (Fig. 1d) . In contrast, bath application of QAQ did not block (Supplementary Fig. 2 ) or photosensitize the Na + current (Fig. 1e) , indicating that QAQ is membraneimpermeant like QX-314 (ref. 10). Light-sensitive block of the Na + current occurred at all membrane potentials tested (Fig. 1f) . We quantified block of trans-QAQ versus cis-QAQ by examining Na + current during a train of depolarizing stimuli. In the trans form, the amount of QAQ blockade is use-dependent, becoming more complete with increasing duration or frequency of depolarization (56% ± 10% block after 30 s, n = 7 cells, Fig. 1g ). In contrast, cis-QAQ decreased the current by 9.6% ± 0.1% (n = 7 cells), indistinguishable from control experiments with no QAQ (8.3% ± 0.1%, n = 5 cells, P = 0.52 Student's t-test). Photocontrol of Na + current could be elicited repeatedly and rapidly without decrement over many minutes ( Fig. 1h and Supplementary Fig. 3 ).
Local anesthetics are used to silence the activity of sensory neurons, which have a variety of voltage-gated Na + channels, including tetrodotoxin-sensitive and -resistant types 7 . Wholecell recordings from rat trigeminal ganglion neurons showed that both channel types could be photoregulated by intracellular QAQ (Supplementary Fig. 4) .
QAQ also photoregulated voltage-gated Ca 2+ channels. We recorded from HEK-293 cells stably expressing voltage-gated Ca 2+ channel Ca v 2.2 and from GH3 cells, a rat pituitary tumor cell line expressing L-type calcium channels 16 . In both cell types, internal trans-QAQ blocked the Ca 2+ current, but blockade was removed in 380-nm light ( Fig. 1i and Supplementary Fig. 5a ). Photoregulation of both Ca 2+ channels was rapid, occurred at all voltages tested and exhibited little decrement over time ( Supplementary Fig. 5b-f) .
Voltage-gated K + channels were also sensitive to QAQ. We recorded from HEK-293 cells expressing the inactivation-removed Shaker K + channel 17 and again observed robust photoregulation, with current blocked by trans-QAQ and unblocked by converting the molecule to the cis form (Fig. 1j) . QAQ block at 500 nm was voltage-dependent, increasing with depolarization, as observed with other quaternary ammonium molecules 5 ( Supplementary  Fig. 6a ). QAQ photosensitized other voltage-gated K + channels exogenously expressed in HEK-293 cells as well as native K + current in hippocampal neurons ( Supplementary Fig. 6b-j) . Photoregulation of K + channels occurred rapidly and without decrement over time (Supplementary Fig. 6k,l) .
Hence whereas QAQ was normally membrane-impermeant, it photosensitized current flowing through voltage-gated Na + , Ca 2+ and K + channels when introduced into the cell (Fig. 1k) . Intracellular QAQ photosensitized many but not all K + channels; inward-rectifier (K ir ) and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels were unaffected by QAQ (Supplementary Fig. 7 ). Intracellular QAQ did not photoregulate current through N-methyl-d-aspartic acid (NMDA) and non-NMDA receptors (Supplementary Fig. 8 ).
QAQ enabled photocontrol of neuronal excitability
Because it imparted light-sensitive block on voltage-gated Na + , K + and Ca 2+ channels, QAQ should have a strong influence on the electrical excitability of neurons. To examine the net effect of internal QAQ on action-potential firing we carried out current clamp recordings from dissociated rat hippocampal neurons in culture. Current pulses of increasing amplitude elicited a progressive increase in the number of action potentials when QAQ was in the cis configuration (Fig. 2a) . However, when QAQ was converted to the trans form, neurons fired a single spike at the onset of stimulation, but did not fire additional spikes even with the largest current pulse tested, consistent with use-dependent blockade of Na + channels (Fig. 2a,b) . The amplitude of the first spike decreased and its half-width increased when we switched from 380 nm to 500 nm light, in agreement with both Na + and K + channels being blocked (Fig. 2c) . Higher internal concentration of QAQ (≥200 µM) eliminated all spikes at 500 nm (data not shown).
QAQ affected spiking but had little or no effect on the resting properties of these neurons. Neither the input resistance nor the membrane potential changed over time as QAQ diffused into the neuron (Fig. 2d,e) . Moreover, light had no effect on these parameters, in agreement with QAQ not affecting K ir and HCN channels, two channels that have a role in setting the resting membrane potential of neurons. Firing threshold in these neurons was the same with (195 pA ± 31 pA; ± s.e.m.) and without (161 pA ± 12 pA, P = 0.44 Student t-test) QAQ in the pipette and was not affected by changing the wavelength of light (Fig. 2f) .
QAQ entered cells through nociceptive ion channels
QAQ is normally membrane impermeant, so it does not photosensitize most cells. However, we asked whether QAQ could be delivered into cells without requiring dialysis through a patch electrode. This strategy involves using nociceptive pore channels as a conduit for QAQ entry. We transfected HEK-293 cells with the gene encoding the Shaker K + channel, which we used as an indicator of intracellular QAQ accumulation. We first used TRPV1, a channel whose pore dilates after exposure to its agonist capsaicin 9 . Control cells treated with capsaicin showed no QAQmediated photosensitization (Fig. 3a) . However, cells expressing TRPV1 showed photosensitization of Shaker current, but only when we applied QAQ on the cells in conjunction with capsaicin. We then tested two other TRP channels, TRPA1 and TRPM8, but found no significant loading through either TRPA1 (7.3% ± 4.0%; s.e.m., n = 11 cells, P = 0.39, Student t-test) or TRPM8 (−0.3% ± 1.4%; s.e.m., n = 3 cells, P = 0.81, Student t-test) channels after these channels were activated with allyl isothiocyanate (30 µM) or menthol (30 µM), respectively (data not shown).
Some ionotropic receptors for ATP (P2X receptors) also exhibit pore dilation upon prolonged activation 18, 19 . Therefore we tested whether P2X 7 channels could be used as a conduit for QAQ entry. Control HEK-293 cells treated with ATP showed no QAQmediated photosensitization (Fig. 3b) . However, cells expressing P2X 7 receptors showed photosensitization of Shaker current, but only when we applied QAQ on the cells in conjunction with ATP. The amount of K + channel photosensitization was nearly the same 5 min and 30 min after ATP application, suggesting that QAQ equilibrated quickly in the cell.
To test whether QAQ can enter into neurons through dilating pore channels, we recorded from cultured rat hippocampal neurons. QAQ alone had no effect on endogenous voltage-gated K + current (Fig. 3c) . However, we could bestow light-sensitivity to neurons that exogenously expressed P2X 7 receptors, by treating them with QAQ and ATP. A cell death assay showed that there was no toxicity resulting from this treatment (Supplementary Fig. 9 ). TRPV1 channels are crucial for nociception in peripheral sensory neurons 7, 8 . The presence of endogenous TRPV1 channels suggests that QAQ might enter nociceptive neurons without requiring exogenous gene expression. We examined the effect of QAQ on three different parts of nociceptive neurons; their cell bodies, located in the dorsal root ganglion (DRG), their synaptic terminals, located in the spinal cord, and their sensory nerve endings, located in the periphery.
Photosensitization of neurons in intact drGs
We developed a system to record and analyze many mouse DRG neurons at once while simultaneously photoregulating their electrical activity (Fig. 4a and Online Methods). We used a threedimensional multielectrode array containing 60 pin-shaped electrodes. We controlled the isomeric state of QAQ with a light source positioned under the multielectrode array; the array was transparent to 380-nm and 500-nm light. We positioned a suction electrode on the peripheral nerve of the DRG and used an external stimulation unit to elicit action potentials, which could be recorded as extracellular signals by electrodes of the multielectrode array (Fig. 4b) . We focused on action potentials resulting from slowly conducting C fibers (<2.5 m s −1 ), which specifically belong to nociceptive neurons. With the stimulating electrode 10-15 mm from the recording electrodes, spikes attributable to these neurons appeared >4 ms after the onset of the stimulus.
After treatment with QAQ, individual electrodes recorded spikes that could be silenced by switching from 380-nm to 500-nm light, consistent with QAQ photosensitization (Fig. 4c) . This suggests that there must be some basal activity of QAQpermeant channels in DRG neurons. We plotted the activity of 24 neurons on a raster plot (Fig. 4d) . Trains of stimuli at 10 Hz elicited trains of action potentials, which could be photoregulated by switching from 380-nm to 500-nm light. At both wavelengths, the number of spikes diminished within a train of stimuli, but the extent of spike-train accommodation was much greater in 500-nm light.
Principal component analysis is a common method in multielectrode array recordings for sorting spikes belonging to different neurons, depending on their stereotypical spike waveforms. However, QAQ modulated voltage-gated channels underlying action potentials, changing the spike waveform as a consequence of photoswitching (Fig. 4e) . Therefore, instead of assigning spikes to different units, which could be particularly error-prone in this circumstance, we devised an analytical method that involves integrating the signal over a 'poststimulus' time window (Fig. 4e and Online Methods).
After treating the DRG with a high concentration of QAQ (1 mM for 30 min), we observed a dramatic decrease in the integrated signal upon switching from 380-nm to 500-nm light (Fig. 4f) . At a lower concentration of QAQ (0.3 mM for 5 min), the integrated signal decreased to a lesser extent upon switching to 500-nm light. The weak photoswitching imparted on the DRG neurons by mild QAQ treatment suggests that little QAQ accumulated in the cells.
If the TRPV1 channel is the main conduit for QAQ entry, blocking or eliminating TRPV1 channels should reduce QAQ loading and consequently the amount of photosensitization. Consistent with this, we found that N -(4 -ter t i ar y but y lpheny l )-4 (3 -cholor phy r id i n -2 -y l ) -tetrahydro-pyrazine1(2H)-carboxamide (BCTC), a TRPV1 antagonist that inhibits acid-and capsaicin-induced activation, considerably reduced DRG photosensitization (Fig. 4g) . In Trpv1 −/− mice, photosensitization was also strongly reduced but not completely abolished. Ruthenium red, a nonselective TRP channel pore blocker, entirely prevented photosensitization. Taken together, these data suggest that TRPV1 channels are the main entry route for QAQ into DRGs. 
npg
This system can be used as a platform for assessing the activity of TRP channels in the intact DRG in response to various stimuli. We treated the ganglia with capsaicin during QAQ loading, followed by thorough washing with normal saline. Capsaicin is a selective agonist of TRPV1, and as expected, it increased QAQ loading and therefore photosensitization (Fig. 4g) . Bradykinin is a neuropeptide that promotes pain hypersensitivity and inflammation 20 . We found that Bradykinin also promoted QAQ-mediated DRG photosensitization, consistent with a signaling cascade that leads to activation of TRP channels 21 .
Direct electrical stimulation of sensory neuron axons in the peripheral nerve also promoted DRG photosensitization (Fig. 4g) , indicating enhanced QAQ entry during the stimulation period. Action potential firing may directly promote QAQ entry into TRPV1-containing neurons, but TRPV1 channels are only weakly voltage-sensitive 22 . In addition, action potential firing may promote DRG somata to release neuro-inflammatory transmitters, and these may indirectly lead to activation of nociceptive channels, a positive feedback mechanism that could contribute to prolonged hypersensitivity and chronic pain.
Photosensitization of neurons in spinal cord slices
TRPV1 is abundantly expressed throughout the entire length of nociceptive neurons, including the central terminals in the spinal cord, but it is thought to be largely absent from non-nociceptive sensory neurons 7 . The central terminals of nociceptive neurons are located in laminae I-II of the dorsal horn of the spinal cord, whereas the terminals of non-nociceptive neurons are located in laminae III-IV (ref. 7) . If QAQ loading is selective for nociceptors, it should photosensitize only the subset of sensory neurons that terminate in laminae I-II.
We treated spinal cord slices with QAQ and recorded synaptic responses in dorsal horn neurons triggered by electrical stimulation of the dorsal root (Fig. 5a) . In lamina II, the average excitatory postsynaptic current (EPSC) amplitude was reduced by switching from 380-nm to 500-nm light, whereas light had no effect for EPSCs recorded in laminae III-IV (Fig. 5b,c) .
These results are consistent with preferential photosensitization of nociceptive neurons by QAQ (Fig. 5d) .
To distinguish between a pre-versus postsynaptic effect of QAQ, we recorded spontaneous EPSCs in lamina II neurons and analyzed the cumulative distribution of amplitudes and interevent intervals. The amplitude of these EPSCs was unaffected by the wavelength of light but the frequency of these EPSCs was decreased by 500-nm light (Fig. 5e-g ) in six of eight cells. A change in EPSC amplitude indicates a postsynaptic alteration in neurotransmitter receptor function, whereas a change in frequency usually indicates a change in presynaptic neurotransmitter release.
QAQ-mediated photosensitization also impacted polysynaptic pathways on the spinal cord. Trains of stimuli generated a strong inward current that persisted for several seconds after the monosynaptic EPSCs should have decayed (Fig. 5h) . Switching from 380-nm to 500-nm light caused a dramatic reduction in the amplitude of this current. Switching back to 380-nm light largely restored the initial amplitude of the response (Fig. 5i) .
In some, but not all lamina II neurons, QAQ photosensitized not only the presynaptic inputs but also intrinsic voltage-gated channels K + currents (Supplementary Fig. 10a ). In contrast, there was little photosensitization of K + channels in lamina III-IV neurons. Photosensitization of lamina II neurons was eliminated by BCTC (Supplementary Fig. 10b ). These results suggest that TRPV1 channels enabling QAQ entry are present and active in lamina II neurons to a much greater extent than in lamina III-IV neurons.
In vivo photoregulation of peripheral nerve endings
If QAQ effectively photosensitizes nociceptive neurons, exposure to light should alter pain sensation in vivo. We explored this possibility by testing the pain-avoidance (nocifensive) blinking response that is elicited by mechanical stimulation of the cornea in rats using the von Frey hair test 23 (Online Methods). The cornea is densely innervated with nociceptors 24 that mediate the blink response 23 . Free nerve endings are only a few micrometers below the surface, and the cornea is transparent, facilitating optical control. To enable QAQ entry into nociceptor nerve endings, we topically applied npg QAQ with capsaicin in one eye and capsaicin alone in the contralateral eye. We immobilized the rats by mild sedation with xylazine and ketamine at low doses that do not interfere with nocifensive blinking 25 . The von Frey hair test in ambient light showed that the normalized blink threshold was about fivefold higher in the eye treated with QAQ plus capsaicin compared to the eye treated with capsaicin alone (Fig. 6a) . Moreover, 380-nm light decreased the normalized blink threshold in the eye treated with QAQ plus capsaicin (Fig. 6b) . The decrease in blink sensitivity caused by QAQ was completely removed by exposure to 380-nm light (Fig. 6c) . Taken together, these results show that QAQ can serve as a local anesthetic that can be turned off with light.
discussion
Microbial light-sensitive ion transporters, including halorhodopsin 26 and archaerhodopsin-3 (ref. 27) , have been used as optogenetic inhibitors of neuronal activity. Genes encoding these proteins can be promoter-targeted to subpopulations of neurons 1 . However, for several reasons, nongenetic optical control of nociception with QAQ may be preferable to optogenetic methods. Unlike optogenetic tools that overpower the natural activity of cells, QAQ acts on endogenous ion channels that underlie initiation and propagation of action potentials. Hence QAQ suppresses electrical excitability at its source. Because the ion-transport rate of transporters is much slower than ion flux through channels, optical silencing with halorhodopsin and archaerhodopsin-3 requires very high expression 1 . Exogenous expression can be achieved by injecting viral vectors into the appropriate part of the nervous system 1 , but expression requires days to weeks and is restricted to neurons that are exposed to an adequate titer of virus. Optogenetic expression can result in permanent genetic alteration of neurons, which may not be necessary or desirable for the acute regulation of pain signaling, either for scientific or biomedical applications. In contrast, QAQ-mediated photosensitization occurs within minutes and persists only until the molecule dissipates, either by being metabolized inside the cell or diffusing away from targeted neurons. Because QAQ is a small molecule, it diffuses readily through tissue and presumably gains access to all neurons that have ion channels that permit its entry into the cytoplasm. QAQ has potential value as both a scientific and a clinical tool for controlling nociception. Because it selectively accumulates in nociceptors, QAQ could selectively inhibit pain signaling while sparing other sensory modalities and therefore could function as a targeted analgesic. This is similar to the recently proposed therapeutic use of QX-314 (ref. 10). However, QAQ has the added feature of being rapidly controllable with light. In vivo photocontrol would require delivery of sufficient QAQ and projection of sufficient light onto target neuronal tissues. Because it is doubly charged, QAQ is unlikely to cross the blood-brain barrier. But our results show that QAQ penetrates into spinal cord slices and intact DRGs, so if injected, QAQ should have access to other neural structures. Implanted fiber-optic systems such as those developed for deep brain photocontrol of neurons expressing optogenetic tools 28 could be adapted for controlling QAQ administered to internal neural structures (for example, spinal roots or DRGs). QAQ might also be controlled by an external light source after topical administration (for example, for treating corneal pain).
QAQ-mediated photosensitization could facilitate mapping of nociceptive circuit connections mediated by fast conventional synapses or by slow neuromodulatory neurotransmitters that may contribute to central sensitization and pain hypersensitivity 20 . Our synaptic studies in spinal cord were limited to full-field regulation of presynaptic activity, but higher-resolution photocontrol should be possible by projecting through a microscope small spots or patterns of light, for example, to target presynaptic axons or terminals.
Finally QAQ provides insight into the activity status of ion channels implicated in pain and inflammation. Previously, the activity of nociceptive ion channels has been studied almost exclusively in isolated neurons that had been enzymatically and mechanically dissociated from DRGs 21 . This disruptive procedure could alter the activity and expression of these channels 29 . QAQ enabled investigation of nociceptive ion-channel activity in undisrupted neural structures. Moreover, QAQ photosensitized regions of a nociceptor that are largely inaccessible to electrodes. Hyperalgesia in both inflammatory and neuropathic pain is associated with upregulation of TRP channel gene expression in peripheral nociceptors 7 , but the activation status of these channels in chronic pain is unknown. Because QAQ-mediated photosensitivity is a consequence of the cumulative activity of nociceptive channels, it serves as an ultrasensitive reporter that provides new insights about when and where these channels are active, in both physiological and pathological conditions. 
